formed and adsorbed on the cassiterite surface at pH 9.0. The adsorption of Fe(OH) 3 reduced the adsorption of OHA on the cassiterite surface, thus the hydrophobicity of cassiterite was deteriorated.
The existence of metal ions should not be ignored in both hydrometallurgy and flotation. In this study, the effects of Ca 2þ , Mg 2þ and Fe 3þ on the flotation performance of cassiterite using octanohydroxamic acid (OHA) as the collector were investigated by micro-flotation tests, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy, contact angle, zeta (z) potential measurements and atomic force microscopy (AFM) imaging. The results of the flotation and contact angle experiments showed that the addition of Ca 2þ , Mg 2þ and Fe 3þ significantly decreased both the recovery and contact angle of cassiterite with pH ranged from 6.0 to 12.0 in the presence of OHA collector. z-Potential measurements, solution chemistry analysis and FTIR measurements indicated that the flotation recovery of the cassiterite declined due to the CaOH þ , MgOH þ and Fe(OH) 3 sites on the cassiterite surface. XPS results indicated that the chemisorption of OHA and calcium ions on the cassiterite surface finally changed its chemical properties. The AFM images also revealed that new species Fe(OH) 3 of Fe 3þ formed and adsorbed on the cassiterite surface at pH 9.0. The adsorption of Fe(OH) 3 reduced the adsorption of OHA on the cassiterite surface, thus the hydrophobicity of cassiterite was deteriorated.
Introduction
Tin is a common metal used in many areas because of its high malleability, ductility and resistance to corrosion. Cassiterite is an economically important mineral of tin in the Earth's crust [1] .
Gravity separation (including jigs, spirals and tables) is the dominant beneficiation strategy for the recovery of cassiterite based on the density difference between the valuable and associated gangue minerals [2] [3] [4] . However, gravity concentration is sensitive to the particle size. Once cassiterite particle size is below 40 mm, it is greatly lost in the gravity tailings [5] .
Froth flotation is an effective method for separating fine target minerals from gangue minerals depending on their surface hydrophobicity differences [6, 7] . Thus, flotation has been widely used in cassiterite concentration due to its advantages in fine particle processing [8 -10] . Metal ions, such as Pb 2þ , Ca 2þ , Mg 2þ , Cu 2þ and Al 3þ , commonly exist in flotation pulp due to the use of groundwater, recycled water or seawater [11] . Therefore, these metal ions influence collector adsorption and thus flotation performance [12] [13] [14] . Calcium ions are from the semi-soluble minerals such as calcite and apatite, which influence collector adsorption and flotation performance [13, 15] . Previous studies indicate that metal ions adsorbed on mineral surfaces can affect flotation. Liu & Zhang [16] found that the presence of calcium ions affected the separation of chalcopyrite from galena. Liu et al. [17] found that the Pb 2þ effectively improved the flotation of hemimorphite. The adsorption/precipitation of the hydrolysed species of lead cations promoted sodium oleate adsorption and formed lead oleate on the surface of hemimorphite. Potapova et al. [18] investigated and found that calcium ions increased the adsorption of both collector and sodium silicate on the surface of magnetite. Alkyl or alkaryl hydroxamic acids and their salts are well-known collectors for the froth flotation of oxide minerals such as scheelite [19] , rhodochrosite [20] , malachite [21] , pyrochlore [22] , monazite [15] and cassiterite [23, 24] . However, it has not been reported regarding the effect of Ca 2þ , Mg 2þ and Fe 3þ on cassiterite flotation when octanohydroxamic acid (OHA) is used as the collector. In the present work, the effect of Ca 2þ , Mg 2þ and Fe 3þ on the flotation of pure cassiterite with OHA as the collector was intensively investigated. The experiments were carried out in a mechanical agitation flotation machine and the effects of metal ions on the adsorption of OHA on cassiterite surfaces were fundamentally investigated via z-potential determination, Fourier transform infrared (FTIR) analysis, solution chemistry analysis, X-ray photoelectron spectroscopy (XPS) analysis and atomic force microscopy (AFM) imaging.
Material and methods

Materials
The cassiterite samples were purchased from Yunnan Bao Yun Jewelry Company, China. The X-ray diffraction (XRD) result is shown in figure 1 . The peaks of any impurities were not detected, which indicated that SnO 2 was of high purity. Chemical analysis showed that the resultant powder contained 95.58% SnO 2 . For the micro-flotation tests, the used cassiterite samples with a particle size distribution of 20 -38 mm were obtained by screening. The remaining ones were ground continuously for z-potential, Micro-flotation tests were conducted in a mechanical agitation flotation machine with a 40 ml cell. The mixture was stirred at 1650 r.p.m. by a four-bladed impeller. In each test, 2.0 g of pure cassiterite particles were dispersed in the cell with 30 ml distilled water for 1 min. The pH was adjusted by adding a pH regulator for 3 min. The metal ions were added and the pulp was conditioned for 3 min, then the collector was introduced and conditioned for 3 min, the frother was added, followed by flotation for 4 min. Finally the flotation products were filtered, dried and weighed for recovery calculation.
Measurements of z-potential
z-Potential measurements of cassiterite were carried out using a Zetasizer Nano ZS90 (ZEN3690, Malvern Instruments Ltd, UK). All measurements were done in a 1 mM KCl background electrolyte solution. A solid concentration of 0.05% by weight was used and conditioning procedures were similar to that used for the micro-flotation tests. The z-potential results were obtained using the average of three independent measurements with a typical variation of +2 mV.
X-ray photoelectron spectroscopy analysis
XPS analysis was conducted using an ESCALAB250Xi (Thermo Scientific, UK) with Al Ka X-ray source. The mineral samples were taken from flotation experiments and then washed with distilled water to a similar pH to remove any suspended colloidal particles; finally, they were introduced immediately into the fore vacuum of the spectrometers as a slurry.
Contact angle measurements
The contact angles of cassiterite were measured using an instrument (JC2000D, Shanghai Chenzhong Digital Technology Co., Ltd). The cassiterite was treated with OHA and/or metal ions; the conditioning procedures were similar to that used for the micro-flotation tests, and modified cassiterite powder was taken from flotation experiments. The samples were vacuum-dried in a desiccator, model Sotelem, at approximately 258C and then transferred into a tablet machine to be pressed into a wafer with a diameter of 12 mm.
Fourier transform infrared analysis
FTIR measurements were taken on a Nicolet 6700 (Waltham, MA, USA). Pure cassiterite was ground to 25 mm for FTIR tests. Conditioning procedures were similar to that used for the flotation tests. After conditioning, the solid samples were washed three times using deionized water with the same pH and dried prior to FTIR analysis. Approximately 1% (mass fraction) of the solid sample was mixed with spectroscopic grade KBr. The analysis was conducted from 4000 to 500 cm 21 using 32 scans with a resolution of 4 cm 21 .
Atomic force microscopy imaging
Multi-mode 8 (Bruker, USA) AFM was used in the contact mode for imaging of the cassiterite surface. Triangular cantilevers with a nominal spring constant of 0.12 -0.58 N m 21 were used for surface image measurements. The AFM measurement was commenced after the cassiterite plate had made a good contact with the chemical solution for a specific time. The images of the cassiterite surface were obtained at a scan rate of 1 Hz and a scan area of 5 Â 5 mm. The images were processed offline using Nanoscope v. 5.31R1 software. Flattening and low-pass filtering were applied to remove noise. . The maximum recovery, 77.63%, was obtained at a pH of 9.0 in the absence of metal ions. The floatability of cassiterite was significantly depressed by Ca 2þ , Mg 2þ and Fe 3þ , while the pH ranged from 6 to 12.
With the solution pH maintained at a value of 9.0, figure 3 shows the flotation recovery of cassiterite with a collector concentration from 25 to 75 mg l 21 and metal ion concentration of 20 mg l
21
. The recovery of cassiterite approached 90% at high collector dosage levels without metal ions. As can be seen, the floatability of cassiterite decreased significantly in the presence of the metal ions. Figure 4 shows the effect of metal ion concentration on the flotation of cassiterite in the presence of 45 mg l 21 OHA dosage at a pH of 9.0. Cassiterite recovery decreased exponentially with an increase in metal ions. 
Contact angle measurement
The contact angle is useful for the determination of the wetting characteristic and floatability of a solid mineral [25] . The contact angles of cassiterite are depicted in figure 5 . Before the interaction between cassiterite and OHA, the surface of the cassiterite was completely hydrophilic, and values of the contact angle were approximately 358. The contact angle of the cassiterite sample increased to a range of 54 -888 after its interaction with OHA. Moreover, the contact angle decreased in the presence of OHA and metal ions. For pH ranged from 6.0 to 12.0, the contact angles became lower, demonstrating a stronger interaction between the cassiterite cells and OHA/metal ions in this pH range. The results in figure 5 illustrate that the cassiterite was completely hydrophilic in the absence of both OHA and metal ions, while the addition of OHA enhanced the contact angle. The addition of metal ions made the contact angle significantly decrease with pH ranged from 6.0 to 12.0. This indicated that the hydrophobicity of cassiterite increased by the addition of OHA, and then decreased if both metal ions and OHA were added. The decrease in the contact angle and hydrophobicity of the cassiterite surface after the addition of metal ions were caused by the reduced adsorption of the OHA. This agrees with the results of the flotation recovery of cassiterite as shown in figure 3 . 
z-Potential measurements and solution chemistry analysis
Electrokinetic phenomena play an important role in understanding the flotation phenomena based on the isoelectric point (IEP) of mineral particles. The surface charge and surface potential determine the particle-chemical interactions (e.g. collector adsorption) and particle -particle interactions (e.g. heteroaggregation) [26] . Figure 6 shows the z-potential of cassiterite as a function of pH in the presence of metal ions, and the IEP of cassiterite alone was located at a solution pH of 3.2, which is lower compared with that of 4.2, 5.0 reported in the literature [10, 24, 27] . It may be caused by the absorption of SO 2À 4 on the surface of cassiterite and hence the IEP of cassiterite is influenced [28] . In the presence of Ca 2þ , Mg 2þ and Fe 3þ , the z-potential of the cassiterite was increased significantly and the IEP of cassiterite increased from a pH of 3.2 to 5.3, 9.1 and 7.2, respectively. The influence of Ca 2þ and Mg 2þ on the electrokinetic properties of cassiterite was more evident in basic solutions, while that of Fe 3þ was more evident in acidic solutions. The significant increase in the IEP of cassiterite provided evidence of metal ions adsorbing/precipitating onto the negatively charged cassiterite surfaces. Figure 7 shows the z-potentials of cassiterite as a function of pH in the presence or absence of both metal ions and OHA. The IEP of cassiterite decreased from a pH of 3.2 to 2.7 after OHA was added into the pulp suspension. We can attribute the decrease in the IEP values to a specific adsorption of anionic collector OHA on the cassiterite surface. Moreover, in the presence of OHA and Ca 2þ , Mg 2þ and Fe 3þ , the [29] . However, micro-flotation tests here indicated that the cassiterite flotation using OHA as the collector was inhibited in the presence of Fe 3þ . It was determined that Fe(OH) 3 colloids adsorbed on the cassiterite surfaces, while Fe(OH) 3(s) had similar zeta potentials to that of cassiterite measured with Fe 3þ alone [30] .
Fourier transform infrared analysis
FTIR analysis was used to evaluate the chemical changes of cassiterite surfaces before and after the adsorption of OHA. Figure 11a shows the spectrum of OHA. The peak at 3259 cm 21 was the N-N stretch, and the peak at 3060 cm 21 was the Fermi resonance of the C-N stretch and the N-H bend.
The peaks at 2954 and 2915 cm 21 were the C-H antisymmetric stretch for CH 2 and CH 3 , and the peak at 2846 cm 21 was due to the C-H symmetric stretch for CH 2 /CH 3 . The peaks at 1666 and It is reasonable to suggest that the chemical reaction which occurred between OHA and cassiterite involved the C -N and C¼O groups. As can be seen from figure 12b, when Ca 2þ was added to the cassiterite system, the peak at 1618 cm 21 shifted to 1626 cm 21 and the peak at 1510 cm 21 disappeared. Figure 13b shows that the peak at 1618 cm 21 shifted to 1610 cm 
X-ray photoelectron spectroscopy analysis
XPS is one of the most useful techniques for surface analysis in order to obtain chemical information [31] . XPS analysis was also employed in this investigation, to further explore the surface properties of cassiterite. The XPS survey spectra of cassiterite, cassiterite treated with calcium ions and cassiterite treated with both calcium ions and OHA are shown in figure 15 . In figure 15a , no Ca signal is displayed in the XPS survey spectra of untreated cassiterite, indicating the high purity of the cassiterite samples.
For the cassiterite treated with calcium ions, the Ca spectral peak is displayed in figure 15b ,c, which indicates that the calcium ions interacted with the mineral surface. Figure 16 shows the binding energies of the Sn3d electrons of cassiterite alone, cassiterite treated with calcium ions and cassiterite treated with calcium ions and OHA. In figure 16a , there are two pairs of Sn3d doublets, with a binding energy of 486.58 eV for Sn3d 5/2 and 494.98 eV for Sn3d 3/2 . These peaks are ascribed to the Sn species from cassiterite surfaces [32] . As shown in figure 16b , the binding energies of Sn3d 5/2 and Sn3d 3/2 on a calcium ion-treated cassiterite surface were decreased by 0.1 eV and 0.2 eV, respectively. Moreover, the binding energies of Sn3d 5/2 and Sn3d 3/2 on the cassiterite surfaces treated by calcium ions and OHA (figure 16c) were decreased by 0.2 eV and 0.1 eV, respectively, compared to the one treated with calcium ions. These results indicate that a weak interaction occurred between the calcium ions and Sn sites on the cassiterite surface, and the Sn sites on the cassiterite surfaces exhibited low reactivity [29, 33] . rsos.royalsocietypublishing.org R. Soc. open sci. 5: 180158 Figure 17 shows the binding energies of the O1s electrons of cassiterite alone, cassiterite treated with calcium ions and cassiterite treated with calcium ions and OHA. There are two spectral peaks at 530.58 and 532.48 eV on the spectrum of cassiterite alone; the peak at 530.58 eV was assigned to the oxygen in the cassiterite and the peak at 532.48 eV was attributed to the oxygen in the hydroxyl species [33, 34] . The binding energy of the O1s spectrum on the calcium ion-treated cassiterite surface was decreased by 0.33 eV, which indicates that the electronic environment of O atoms was changed. As shown in figure 17c , the O1s spectrum also displayed two peaks in the presence of OHA and calcium ions. The peak at 531.27 eV was assigned to the O¼C oxygen atom of the OHA molecule [35, 36] ; it showed the adsorption of OHA on the surface of cassiterite. The peak at 530.12 eV was assigned to the oxygen of the cassiterite; the binding energy of this peak decreased by 0.13 eV compared to the calcium ion-treated cassiterite surface and 0.46 eV compared to the untreated cassiterite surface. This phenomenon indicated that the chemical environment of O1s changed under the combined actions of calcium ions and OHA on the cassiterite surface.
Atomic force microscopy imaging
AFM is a powerful tool for surface chemistry research. It can describe the surface topography without damaging the delicate surface. In this study, AFM was used to investigate the adsorption of OHA and figure 18 . As revealed in figure 18a , the fresh cassiterite surface was flat and smooth except one small bright area and another dark area. In figure 18b, many small patches appeared on the cassiterite surface after the conditioning with 45 mg l 21 OHA. It was certified that OHA directly adsorbed on the mineral surface. This agreed well with the FTIR analysis (figure 11a). When Fe 3þ was added during the conditioning, it was expected that Fe 3þ would adsorb on the cassiterite surface. As shown in figure 18c , the surface became rougher than that of pure cassiterite and the cassiterite surface after OHA conditioning. However, the height of figure 18c is lower than that of figure 18b. The reason for this may be the adsorption of Fe 3þ on the cassiterite surface reducing the adsorption of OHA on the cassiterite surface. The results of the chemical calculation of solution in figure 9 showed that Fe(OH) 3(s) was the dominant species at a pH of 9.0. It was concluded that the Fe(OH) 3 colloids impeded the adsorption of the collector and made the cassiterite surface hydrophilic. It also indicated that the surface of cassiterite was covered with Fe(OH) 3(s) , and then a hydrophilic film formed which prevented the adsorption of OHA. Thus, the flotation was inhibited. to OHA alone at the pH range of 6-12. The decrease of the contact angle was the basis of the decrease in cassiterite recovery in flotation experiments. 3 colloids formed on the surface of cassiterite at a pH of 9.0 impeded the adsorption of OHA and made the cassiterite surface hydrophilic.
Conclusion
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